Porous synthetic opal possessing a three-dimensional photonic band structure of semimetallic type was impregnated with polycrystalline CdS. The photonic stop band in (111) direction was examined by means of photoreflection technique. Under cw laser excitation of semiconductor inclusions the reflectance of the system changes indicating a modification of photonic band structure. A possible mechanism is discussed. Numerical simulations within the framework of quasicrystalline approximation are given,
Introduction
Wave nature of light allows us to control optical properties of materials by means of purposeful using of scattering and interference of waves. Alone with incoherent scattering, Bragg-like reflections can appear, when components of material are spatially ordered. Dielectric media with periodic index of refraction are usually referred to as photonic crystals due to the analogy with periodic potential inherent in crystalline solids. Starting from pioneering works by Yablonovitch and John [1, 2] several intriguing theoretical predictions [3] were made, e.g., on the possibility to modify spontaneous emission of light or to build a thresholdless laser. The visible and near infra-red (IR) range is commonly expected to be a preferable spectral region for future applications of photonic crystals. But the problem of practical realization of a three-dimensional superlattice of different dielectrics with a period of hundreds of nanometers arises. To our knowledge, at present submicron lithography techniques enable us to fabricate only a few layers of periodic structures [4] appropriate for near IR, and laser-induced direct-write deposition from the gas phase can be suitable for fabrication of far IR (periods of about 100 p,m) 3D photonic structures [5] .
A promising approach is to use the growth and self-assembling of monodisperse colloidal particles. This process can result in formation of colloidal crystals [6] . Synthetic opal.seems to be one of the most advanced materials fabricated by means of such technique. It consists of uniform silica submicron globules close-packed usually with the symmetry of the face centered cubic type (f.c.c.). After appropriate treatment [7, 8] this ordered ensemble of globules acquires a considerable mechanical durability. In this way macroscopic photonic crystals were made with following important properties: (i) they are entirely solid-state; (ii) they possess three-dimensional periodicity of the index of refraction; (iii) a characteristic size of structure unit (silica globule) is in the range of a few hundred nanometers that is relevant to the visible light wavelength.
Well-known iridescent colors of opal are nothing else but Bragg-like diffraction, when photons with a certain 4-vector of energy and momentum (hk,\hu/c) are unable to propagate inside a periodic dielectric medium. Such photonic stop bands occur at spectral and spatial positions which depend on the symmetry of crystal, on the values of refraction indices, and on the shape and volume fractions of all different components of the crystal unit cell. Under certain conditions [9] , stop bands can overlap over all possible directions at certain frequency and omnidirectional photonic band gap will open up. This will be the case analogous to the electronic band gap in semiconductors and insulators, when electronic waves of certain energy cannot propagate in the medium with periodic potential. But optical contrast of opals (n a i r -1.0 for air between particles and 1.25 < ftgiob < 1.45 for silica globules, whose index of refraction varies because of their porosity) allows semimetallic type of photonic band structure only, when photonic stop bands corresponding to different crystallographic directions have different spectral positions and widths, which is shown in more detail elsewhere [10, 11] .
A way to improve the situation is to fill with highly refractive matter the cavities between silica globules of opal, which are originally empty. Of course, it is more interesting to deal with entirely solid state structures without any fluid components. This can be made by means of sol-gel technique, which provides filling of pores with various oxides, e.g., TiCb [12] . The study of various types of nonlinearities in photonic crystals is rather important and it is a topical problem [13] [14] [15] . Particularly, it can lead to development of new types of switches [16] , media with special conditions for soliton propagation [17] , etc. The aim of the present work was to produce a light sensitive photonic crystal on the base of artificial opal and to detect a response of such a superlattice to optical excitation.
Sample preparation and characterization
Semiconductors look to be convenient fillers of opal voids because their refraction index can exceed even 3 in the visible range and their properties are rather sensitive to illumination. CdS was chosen in the way to satisfy the requirement that photonic stop bands of superlattic^ must be inside the spectral region of transparency of semiconductor inclusions (edge of fundamental absorption of bulk CdS is nearby 500 nm and index of refraction is 2.5). Vapor phase synthesis with subsequent annealing in Cd or S atmosphere was used to deposit CdS into the pores of initial opal matrix. As a result of this procedure was the formation of polycrystalline semiconductor between silica globules. Figure 1 electron microscope image of opal with CdS. The arranged silica globules, which appear as light spots, exhibit their intrinsic porous substructure. Dark aggregations around them correspond to semiconductor inclusions. Additional studies [18] have shown that a size of CdS crystallites (average value ~ 10 nm) is bigger than the exciton Bohr radius in this material (àâ = 2.8 nm). Consequently, the semiconductor phase occurs in the so-called regime of weak quantum confinement [19] . Significant changes of optical characteristics under optical excitation or application of electric field [19] are inherent in this regime.
Optical technique
A standard arrangement of photoreflectance apparatus was used. This technique is widely used in optical characterization of semiconductor structures [20] , enabling the investigation of built-in electric fields, doping concentrations, critical point energies, and so on. A 488 nm line of argon laser was applied as a pump beam source, the power was 5 mW/cm 2 , the frequency of modulation was 120 Hz.
As a probe beam we used a light passed through a double grating monochromator. In front of the probe beam detector (photodiode) a glass filter was mounted to eliminate the scattered laser light. A detailed description of set-up can be found in Ref. [21] .
Results
As was mentioned above, photonic pseudogap inherent in opal-based photonic crystals can be modified by means of filling of opal pores with various materials. Changing of average refraction index of interglobule space causes a spectral shift of photonic stop band. This is demonstrated in Fig. 2 , where the evolution of the transmission spectrum measured in (111) direction of the same opal plate, but filled with various liquids, is presented. Additionally, photonic stop band becomes more pronounced when an optical contrast (ratio of refraction indices of silica globules and of interglobule spacing) increases. Photonic pseudogap of CdS-in-opal superlattice and light-induced modification of the latter are depicted in Fig. 3 . The lower panel of Fig. 3 displays a peak of reflectivity of îðàÃ filled with CdS. It conforms photonic stop band in (111) crystallographic direction of this superlattice. The upper panel of Fig. 3 shows a normalized variation of reflectivity, ÄÄ/Ä, when the superlattice is illuminated by Ar + laser. R is the initial (dark) reflectivity and ÀÄ is its change under laser excitation. The shape of AR/R curve suggests a red shift of photonic stop band. Such a reply of superlattice is indicative to the growth of refraction index of semiconductor inclusions under laser excitation (compare with Fig. 2 ). This growth can have a thermal origin. Really, energy of a single photon (4.07 x 10~1 9 J), being scattered inside CdS crystallite of size 5 -=-10 nm, must rise the temperature roughly by 1 K. This is enough for an increase in index of refraction of semiconductor by An ~ 10~4 [22] . Numerical simulations (see below) show that such value of An is sufficient to cause a modification of photonic stop band similar to the one shown in Fig. 3 .
Numerical simulation
A quite adequate approach to describe spectral features of transmission and reflection of opal-based superlattices is a model of multilayer scattering medium consisting of correlated scatterers [10, 11] . It is based on statistical multiple wave scattering theory [23] and enables us to evaluate coherent transmission and reflection spectra. Cooperative effects in a single monolayer, namely, coherent rescattering on particles and interference of the scattered waves are treated within the quasicrystalline approximation [24] . Then coherent fields of single layers are given by the scattering amplitudes F^d o, a)
where & is a wave-vector of the incident plane monochromatic wave, the plus and minus signs correspond to the transmitted and reflected waves, respectively, and p is a surface concentration of particles. The coefficients c\ and d\ are based on Mie theory, but coherent irradiation of particles within a monolayer is accounted for [24, 11] . In a multilayer system, not only the incident radiation field and the fields scattered by other particles of the same monolayer contribute to the effective field for a given particle, but the fields from particles of other layers are also contributed to this effective field. Assuming individual monolayers to be statistical independent, the coherent fields can be written as follows:
where e is a unit polarization vector of the incident wave, Gj = GJ(±ZQ) are the forward and backward scattering amplitudes of the j-ih monolayer in the presence of other monolayers, l m is the interlayer spacing, and z is the direction of propagation. In order to evaluate the coherent transmission coefficient
2 and the coherent reflection coefficient R k = \(E~(z))\ 2 one should solve a system of equations for self-consistent field
where m is the number of layer. When G^ are found they are to be substituted into Eqs. (2, 3) . Numerical calculations have been carried out for a layered system consisting of close-packed monolayers of spherical particles. The refractive index of the spheres was taken to be equal to n sp here -1-26, which is close to the effective refraction index of silica clusters in the artificial opals. The refraction index of interglobule spacing was chosen to be n me dium =• 2.00, it looks quite reasonable for the case of partial filling with semiconductor. The density of particle arrangement within a given monolayer was close to a maximum (the overlapping factor T) -p?rd 2 /4 = 0.55). The interlayer spacing defined as a distance between two planes connecting centers of particles in two neighboring monolayers was taken to be equal to the particle diameter d. Coherent reflection of the system is presented at the lower panel of Fig. 4 for a set of 100 monolayers. The shape and spectral position of the peak correlates with that from experiment (see Fig. 3 
Conclusion
In conclusion, silica-based 3D superlattice with light-sensitive semiconductor inclusions was synthesized and characterized. It exhibits the photonic band structure in the visible range. Numerical modeling of the light propagation through such a system within the frame of quasicrystalline approximation is in good agreement with experimental data. Under laser illumination reflectivity of the superlattice changes indicating light-induced modification of photonic pseudogap. Numerical simulations confirm the data obtained by means of photoreflectance technique. Such behavior of photonic stop band suggests an increase in refractive index of interglobule spacings, which are filled with CdS. A possible mechanism of this increase has a thermal source, namely, heating of semiconductor by absorbed laser light. At the next stage of our studies, transient photo-induced tuning of a photonic crystal by means of optical nonlinearities will be investigated.
